Heart failure (HF) is one of the main causes for cardiovascular morbidity and mortality. This study was designed to examine the effect of PDE-5 inhibition on cardiac geometry, function and apoptosis in postinfarct HF. Our data revealed that treatment of the PDE-5 inhibitor sildenafil, beginning 3 days after left anterior descending coronary artery ligation, attenuated LV remodeling, cardiac dysfunction, cardiomyocyte apoptosis and mitochondrial anomalies including ATP production, mitochondrial respiratory defects, decline of mitochondrial membrane potential (MMP) and compromised mitochondrial ultrastructure. Sildenafil partially ameliorated the downregulation of Sirt3 protein and acetylation of PGC-1α in peri-infarct myocardial regions. In cultured neonatal mouse ventricular myocytes subjected to hypoxia for 24 hrs, sildenafil suppressed
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infarction HF 4.5. Sirt3/PGC-1α pathway was directly involved in sildenafil-mediated cardioprotection against hypoxia 5. Discussion 6. Acknowlegement 7. References apoptosis, promoted ATP production and elevated MMP, along with the increased Sirt3 protein expression and decreased PGC-1α acetylation. Interestingly, knock down of Sirt3 attenuated or nullified sildenafil-offered beneficial effects. Our findings demonstrated that sildenafil exerts its cardioprotective effect against post-infarction injury by improving mitochondrial ultrastructure and function via the Sirt3/PGC-1α pathway. This observation should shed some lights towards application of sildenafil in energyrelated cardiovascular diseases.
INTRODUCTION
Coronary artery diseases, in particular myocardial ischemia, represent the most common forms of cardiovascular diseases worldwide. Although © 1996-2016 considerable progress has been made in the clinical therapeutics recently to drastically improve the overall survival in patients with various cardiovascular diseases, post-infarction heart failure (HF) remains a major cause of cardiovascular mortality (1, 2). Among the plethora of mechanisms postulated for the onset and progression of HF, impaired mitochondrial energy metabolism has gained much attention in the etiology of HF (3, 4). Mitochondria are cellular organelles mainly responsible for cellular respiration and energy production, thus mitochondrial dysfunction is expected to lead to energy derangement and cell death, en route to the pathogenesis of HF (5-7). Therefore, a better understanding the complex mechanisms responsible for mitochondrial dysfunction should be pertinent to the identification of novel therapeutic strategies in the preservation of mitochondrial integrity and optimization of HF management.
The cGMP-specific phosphodiesterase-5 (PDE-5) inhibitors have been approved clinically for erectile dysfunction and pulmonary arterial hypertension. The PDE-5 inhibitor sildenafil, in particular, has been extensively investigated and documented to ameliorate the development of cardiac hypertrophy in the pressureoverloaded HF (8) and the progression of myocardial ischemia injury (9, 10) . PDE-5 inhibition enhances the accumulation of cGMP, which leads to cardioprotective effects due to the cGMP-dependent activation of protein kinase G (PKG). PKG phosphorylates various effectors that are important in cellular survival and vascular relaxation, such as endothelial and inducible nitric oxide synthase (11, 12) . In addition, sildenafil protects against ischemic-reperfusion injury through opening ATPsensitive mitochondrial K + channels (13) (14) (15) . Sildenafil has also been demonstrated to increase the pro-survival Bcl-2/Bax ratio and to preserve mitochondrial membrane potential (MMP) in cardiomyocytes (11) . These actions are believed to be possibly mediated through a cGMPdependent regulation of mitochondrial biogenesis and function in cultured myocytes (16) (17) (18) . These findings suggest that sildenafil may improve cardiac mitochondrial function in pathological conditions. Nonetheless, the impact of sildenafil treatment on mitochondrial function, especially in the setting of post-infarction HF, remains essentially elusive.
PGC-1α (peroxisome proliferator-activated receptor coactivator) is a key regulator of myocardial energy metabolism through governance of mitochondrial biogenesis and function (19) (20) (21) . Decreased PGC-1α expression has been reported in HF, while PGC-1α downregulation is consistent with metabolic derangements of mitochondrial energy found in failing hearts (22, 23) . PGC-1α activity is known to be regulated by a wide variety of post-translational modifications, including phosphorylation, acetylation, methylation, ubiquitination, and O-linked N-acetylglucosylation (24) . PGC-1α acetylation affects its nuclear localization, resulting in inhibition of its transcriptional activity. A better understanding of PGC-1α acetylation and associated regulatory mechanisms in post-infarction HF is pertinent to the understanding of mitochondrial injury in post-infarction HF.
Sirtuins are classified as highly conserved NAD+-dependent protein deacetylases and/or ADPribosyltransferases (25) (26) (27) . NAD+ levels serve as an indicator of cellular metabolism. To this end, sirtuins are heavily involved in metabolic regulation. Among the sirtuins family, Sirt1 and Sirt3 have been extensively examined. However, earlier finding suggested that Sirt3, rather than Sirt1, may be involved in the development of cardiac hypertrophy and subsequently HF (28) . Sirt3 knockout murine hearts exhibited robust cardiac hypertrophy in response to pro-hypertrophy stimuli (29) , in conjunction with lowered ATP production in the hypertrophied hearts (30) . Sirt3 has been implicated in ATP synthesis and energy regulation in various tissues, including the heart, liver, and kidney (31) . Although Sirt3 is believed to be involved in cardiac hypertrophy and mitochondrial energy metabolism, the interplay between cardiac hypertrophy and mitochondrial function through Sirt3 regulation under post-infarction HF has not been explored. Given that Sirt3 functions as a deacetylase, we hypothesized that it may play a role in regulating the acetylation and deacetylation status of PGC-1α and, therefore, PGC-1α activity.
Here, we sought to determine the effect of sildenafil on post-infarction remodeling through regulation of mitochondrial structure and, subsequently, mitochondria oxidative respiration. We also evaluated whether the protective effect of sildenafil on mitochondrial function was mediated via a Sirt3/PGC-1α-dependent mechanism.
METHODS AND MATERIALS

Animals and materials
Male C57BL/6 mice (8 weeks old) were purchased from the Experimental Animal Center of the Fourth Military Medical University (Xi'an, China). All experiments were performed in accordance with the National Institutes of Health Guidelines on the Use of Laboratory Animals and were approved by the Fourth Military Medical University Committee on Animal Care. Sildenafil was purchased from Pfizer (USA). All other chemicals and reagents were obtained from SigmaAldrich (USA) unless otherwise noted.
Experimental groups
Mice were anesthetized with 2% isoflurane, and myocardial infarction (MI) was induced as previously described (32) . Because of coronary variation, the cardiac function of each animal was assessed 3 days after MI to ensure similarities between groups. The © 1996-2016 mice were randomized into two groups that received a 4-week treatment of either 0.2. ml saline (control; ip, bid) or 21 mg/kg sildenafil in 0.2. ml saline (ip, bid). A third group of sham-operated mice were subjected to a left thoracotomy without ligation of the coronary artery as a surgical control; these mice received no treatment. Cardiac function was assessed at 7 and 28 days using M-mode echocardiography (Visual Sonics VeVo770). At 28 days, the peri-infarct region (1mm border the white and thin infarct area) of the heart was collected.
Cardiomyocyte preparation and transfection
Cardiomyocytes were isolated from 1-dayold neonatal C57BL/6/6J mice as previously described but with some modifications (33) . Briefly, cultures were supplemented with bromodeoxyuridine to prevent fibroblast proliferation, and the enzyme digestion period was shortened to guarantee cell viability. Negative control shRNA and Sirt3 shRNA plasmids were purchased from Santa Cruz (USA). Transfection was using Effectene (Qiagen), according to manufacturer's instructions. After 48 hours of transfection, cells were exposed to hypoxia for 24 hours. In the sildenafil group, sildenafil was added at a concentration of 1μM.
Transmission electron microscopy (TEM)
Mitochondrial ultrastructure was examined using TEM. Cardiac specimens from the peri-infarct region were prepared as previously described (34) . Semi-thin sections of random regions and regions with abnormal ultrastructure (identified using light microscopy) were imaged using TEM. Ultrathin sections were cut at 50-80 nm thick, stained with uranium acetate and lead citrate, and observed with a JEM-1400 transmission electron microscope (Japan) at 60 kV. Mitochondria were imaged at 10,000× and 40,000× magnifications. The photomicrographs from each animal were evaluated separately and then assessed by group.
Cardiac mitochondria isolation
Mitochondria were isolated from the hearts of the mice as previously described but with some modification (35) . Still-beating hearts were removed from mice anesthetized with 1% pentobarbital sodium solution. The hearts were then pooled and rapidly minced in icecold MSE buffer (10 mM Tris base, 250 mM sucrose, and 1 mM EDTA-Na2) to separate mitochondria. Heart tissue was homogenized in MSE buffer 8-10 times with a tissue grinder at 500 RPM, followed by filtration with a gauze filter to remove the unbroken tissue and fiber. The homogenate was centrifuged twice at 1,000 g for 10 min, and the supernatant was saved. Mitochondria were pelleted from the supernatant by centrifuging it once at 3,000 g and once at 10,000 g. The pellet was then rinsed with MSE buffer, while the supernatant was saved as crude cytosol. The final pellet was rinsed and resuspended in 50 μl of incubation medium (10 mM Tris base, 250 mM sucrose, 1 mM EDTA-Na2, and 0.1%. BSA). Mitochondria were incubated for 15 min on wet ice, and protein concentrations were determined by a BCA assay with BSA as a control. All work was performed on wet ice at 0°C.
Oxygen consumption rate (OCR) and ATP content
The OCR of mitochondria isolated from the border zones of the hearts were measured using the Seahorse XF24 analyzer (Seahorse Biosciences, USA) as previously described (37) . Mitochondria were resuspended at 4°C in 1X mitochondrial assay solution (MAS; 70 mM sucrose, 220 mM mannitol, 10 mM KH2PO4, 5 mM MgCl2, 2 mM HEPES, 1 mM EGTA, and 0.2.% (w/v) fatty acid-free BSA, pH 7.2.). Next, 5 μg of mitochondria in 50-μl 1X MAS was added to each well of the V7 XF24 plate while on ice. The plate was then centrifuged at 2,000x g for 20 minutes at 4°C, and 450 μl of 1.1.x MAS solution (10 mM pyruvate and 2mM malate in 1X MAS) was added to each well. The plate was transferred to the XF24 instrument and allowed to equilibrate for 3 min prior to measuring. Next, 4 mM ADP, 20 μM oligomycin, 10 μM FCCP, 40 μM antimycin A were sequentially injected, and basal (substrate but no ADP), stage 3 (+ADP), stage 4 (with ADP exhaustion), stage 3u (+FCCP), and stage 4o (+oligomycin) respiration rates were measured after each injection. The respiratory control ratio (RCR) was obtained by dividing the stage 3 respiration rate by the stage 4o respiration rate.
The ATP content of the myocardium and the ventricular myocytes of the neonatal mice were measured using an ATP bioluminescent assay kit (Promega, USA).
Histological and morphometric analyses
After heart function studies, animals were euthanized and their hearts were removed. To measure fibrosis, the heart was arrested in diastole by an intravenous injection of 10% potassium chloride, and then post-fixed overnight in 4% paraformaldehyde. The heart was then embedded in paraffin and cut transversely for histological studies. Tissues were cut into 4-μm thick sections for hematoxylin-eosin and Masson's trichrome staining. In addition, Sirius Red staining was performed to stain for collagen as previously described (37), and images were obtained under polarized light using a Nikon Digital Sight color camera and Nikon Element software. High resolution images were obtained using a whole slider scanner (NanoZoomer Digital Pathology System, Hamamatsu, Herrsching, Japan), and cardiac fibrosis was quantified using Image Pro-Plus, version 6.0. The collagen-positive areas were then calculated as the ratio of the collagen-stained area divided by the area of the entire left ventricle (LV).
Mitochondrial membrane potential
Mitochondria (50 μg) isolated from the periinfarct zone was incubated with JC-1 (Molecular © 1996-2016 Probes, Beyotime) at 37°C for 20 min. Fluorescence was measured at 490 nm (green) and 525 nm (red) with excitation at 530 nm and 590 nm using a fluorescence microplate reader. MMP was calculated using the JC-1 red/green ratio. Primary cardiomyocytes were grown on six-well plates, washed with PBS and incubated with 5 mM JC-1 dye at 37°C for20 min. Cells were then washed three times with PBS, and 5,000 cells/sample were analyzed for red and green fluorescence using flow cytometry (BD FACSCalibur). Mitochondria with a normal MMP have red fluorescence, while those with abnormally collapsed MMP have green fluorescence.
Myocardial apoptosis
Myocardial apoptosis was measured using terminal deoxynucleotidyl transferase-mediated dUTPXnick end labeling (TUNEL) staining as previously described (38) . Color video images of 10 separate fields were captured randomly and digitized using an Olympus confocal microscopy for each slide. Apoptotic cells were calculated as the percentage of TUNEL-positive cells among total cell nuclei. Cardiomyocyte apoptosis was measured using flow cytometry (BD FACSCalibur).
Protein kinase G (PKG) activity
Cardiac protein kinase G activity was examined using a commercially available PKG activity kit (GMS, USA). Activity was measured per the manufacturer's instructions.
Western blotting
Proteins were separated using SDS-PAGE gels, transferred to PVDF membranes (polyvinylidenedifluoride, Millipore), and then incubated overnight at 4°C with antibodies against PGC-1α (1:1000, Abcam), Sirt1 (1:1000, Abcam), Sirt3 (1:1000, Cell Signaling Technology), Bcl-2 (1:1000, Abcam), Bax (1:1000, Abcam), PDE5a (1:1000, Abcam) and β-actin (1:1,000, ZhongShan GordenBridge Biotechnology). PGC-1α acetylation was further assessed using anti-acetylatedLysine (1:1000, Cell Signaling Technology). Blots were then washed to remove excessive primary antibody, and incubated for 1 h with horseradish peroxidase-conjugated secondary antibody (1:5000). Blots were visualized using enhanced chemiluminescence (Millipore), and the films were scanned with ChemiDocXRS (Bio-Rad Laboratory, Hercules, CA, USA). Band intensity was analyzed with Lab Image software.
Statistical analyses
All values are presented as mean ± standard deviation. Statistical significance was evaluated using ANOVA, and a P value <0.0.5 was considered statistically significant.
RESULTS
Sildenafil ameliorated cardiac dysfunction and LV remodeling during post-infarction HF
Protein levels of PDE5a were examined in post-infarct myocardial tissues. Our data revealed significantly elevated PDE5a protein expression in post infarct HF murine hearts, the effect of which was obliterated by sildenafil treatment ( Figure 1A) . Moreover, post infarct HF overtly suppressed myocardial PKG activity, the effect of which was ablated by 4 weeks of sildenafil treatment ( Figure 1B) . Cardiac function was measured by echocardiography following 4 weeks of sildenafil treatment. Compared to the sham-operated mice, MI mice exhibited enlarged LV cavities and compromised cardiac function, as indicated by increased LV end-systolic and end-diastolic diameters as well as reduced LV shortening and ejection fractions (Figure 2 ). In contrast, these parameters were partly preserved with sildenafil treatment. Collagen staining in the infarct and peri-infarct regions revealed more collagen deposits in both LV areas in the MI mice compared to the shamoperated mice ( Figure 3A-C) . The collagen deposition in both regions was significantly reduced in the sildenafiltreated mice. These findings favor a role for sildenafil in alleviating the post-infarction cardiac remodeling.
Furthermore, data from our study revealed that sildenafil reversed the elevated heart-to-body weight (HW/BW) ratio triggered by MI. (Figure 3D ). Postinfarction remodeling upregulated levels of the fibrotic protein markers MMP2 and MMP9, the effect of which was attenuated by sildenafil. These results further consolidated a protective effect of sildenafil against cardiac remodeling induced by post-infarction remodeling ( Figure 3E ). These data suggest that sildenafil may mitigate post-infarction remodeling and contractile dysfunction in the heart.
Sildenafil attenuated alterations in mitochondrial ultrastructure and improved mitochondrial function during post-infarction HF
Mitochondrial ultrastructure was examined using TEM. In the sham-operated hearts, the mitochondria were intact and had tightly packed cristae, which formed longitudinal rows between myofibrils. While in the peri-infarct zone of post-infarction HF mice, most of the mitochondria are markedly damaged with abnormal cristae or matrix areas. In some mitochondria, the cristae and matrix were not present, resulting in what appeared to be vacuoles. Some mitochondria were Mitochondrial respiration function was also scrutinized (Figure 4B-D) . Our data revealed that mitochondria isolated from the peri-infarct zones of HF mice had significantly lower basal OCRs with pyruvate and malate compared to mitochondria from heart of the sham-operated group ( Figure 4C ). The maximal ADP respiration rate (stage 3) was 50% less in these MI mice compared to the sham-operated mice. The RCR, an indicator for the efficiency of electron movement through the electron transport chain and during respiratory coupling, was decreased by 40% (P<0.0.1; Figure 4D ) in MI mice compared with the shamoperated mice. Likewise, ATP in the LV myocardium was also significantly lower in the peri-infarct zone of MI mice ( Figure 4E ). These data demonstrated that mitochondrial function was impaired during HF following MI.
The sildenafil-treated mice exhibited moderate mitochondrial damage ( Figure 4A ). Most mitochondria displayed sharply defined cristae in sildenafil-treated mice. A small number of swollen mitochondria were observed, and no obvious vacuole was noted in the sildenafil-treated group. There was also more mitochondrial aggregation, suggesting an increase number of mitochondria. When isolated, mitochondria from the sildenafil-treated mice had significantly higher stage 3 respiration and RCR compared with the MI mice ( Figure 4B-D) . Sildenafil also maintained normal (sham) levels of ATP in the LV myocardium ( Figure 4E ). Together, these data suggest that mitochondrial ultrastructure and function were impaired in MI-induced HF mice. Interestingly, sildenafil alleviated these aberrant changes and significantly improved cardiac function under the setting of post-infarction HF. 
Sildenafil prevented post-infarctioninduced apoptosis associated with mitochondrial dysfunction
The mitochondria in the sham-operated group were intact and had high MMPs, as indicated by the stronger red fluorescence intensity and the weaker green fluorescence intensity ( Figure 5A ). However, in the MI group, there was much lower red fluorescence intensity while the green fluorescence intensity was greatly enhanced, denoting typical MMP collapse. In contrast, more red fluorescence intensity and less green fluorescence intensity were shown in the sildenafiltreated group. Moreover, cell apoptosis in the border zone, as measured by TUNEL staining, was consistent with changes in MMP. These data indicated that more viable cardiomyocytes were presented in the peri-infarct area in mice treated with sildenafil ( Figure 5B and C). Bcl-2 expression was also higher in cardiomyocytes from sildenafil-treated mice 28 days post-MI compared to those from MI mice ( Figure 5D and E). The Bax to Bcl-2 ratio was significantly elevated following MI, the effect of which was reversed by sildenafil treatment ( Figure 5F ).
Sildenafil treatment enhanced Sirt1 and Sirt3 expression along with PGC-1α activity in post-infarction HF
PGC-1α is a key factor for the regulation of mitochondrial biogenesis and energy metabolism. In our hands, we did not find any decrease in the PGC-1α expression that would typically accompany mitochondrial dysfunction ( Figure 6A ). However, PGC-1α acetylation was markedly increased in the peri-infarct zone in murine hearts with HF ( Figure 6A ). These data indicated that PGC-1α activity, although not pan protein abundance, was lower in hearts from mice with the MI-induced HF. Sirtuins are members that regulate protein activity through deacetylation. Interestingly, both Sirt1 and Sirt3 displayed a reduced expression in the MI-induced HF mice ( Figure 6B ). Sildenafil treatment significantly upregulated Sirt1 and Sirt3 levels, along with decreased PGC-1α acetylation in MI mice ( Figure 6C) 
Sirt3/PGC-1α pathway was directly involved in sildenafil-mediated cardioprotection against hypoxia
Previous studies have demonstrated that Sirt1 deacetylates and, therefore, activates PGC-1α. We hypothesized that Sirt3, a member of the sirtuin family, may also regulate PGC-1α acetylation in a manner reminiscent of Sirt1. Sirt3 was knocked down in cultured neonatal mouse ventricular myocytes to determine its role in hypoxia-induced damage. Western blot analysis showed that the Sirt3 shRNA decreased Sirt3 expression by more than 70% ( Figure 7A ). In myocytes exposed to hypoxia using serum deprivation for 24 hrs to simulate ischemic injury, Sirt3 expression, ATP production and MMP were all significantly decreased ( Figure 7B, D and F) , Hypoxia also increased the percentage of apoptotic cells as expected ( Figure 7E ). Interestingly, decreased ATP production, MMP collapse and increased cell apoptosis were reversed by pre-incubating cardiomyocytes with sildenafil ( Figure 7D-F) . Downregulation of Sirt3 in MI hearts was also alleviated by sildenafil treatment ( Figure 7B ). These changes in response to sildenafil treatment were partially attenuated by the knock-down of Sirt3 (Figure 7C-F) . Consistent with our in vivo findings, PGC-1α expression remained relatively unchanged regardless of hypoxia exposure or sildenafil treatment. However, hypoxic exposure increased PGC-1α acetylation and attenuated Sirt3 expression, the effects of which were partially reversed by sildenafil. In addition, deacetylation of PGC-1α was partially suppressed by Sirt3 knock down ( Figure 7B and C). These data suggest that Sirt3/PGC-1α signaling is involved in hypoxia-induced cardiomyocyte injury and that sildenafil reduces cardiomyocyte susceptibility to hypoxia injury, in part through the upregulation of Sirt3/PGC-1α and preservation of ATP supply.
DISCUSSION
The salient findings from our study depicted the PDE-5 inhibitor sildenafil protects against postinfarction HF-induced cardiac remodeling, apoptosis dysfunction and mitochondrial defects. Our data revealed that sildenafil increased Sirt3 expression and decreased the mitochondrial degradation resulted from HF, thereby improving mitochondrial respiratory function and ATP production. We also showed that deacetylation of PGC-1α by Sirt3 is involved in hypoxia-induced cardiomyocyte injury, which is reminiscent of MI injury in vivo. The protective effect of sildenafil for mitochondria is likely mediated, in part, through a Sirt3/PGC-1α-mediated pathway. Recent studies have provided compelling evidence of the cardioprotective effects of PDE-5 inhibition (8-15, 39-45 ). PDE-5 inhibition has been shown to protect against cardiac ischemic-reperfusion injury. In addition, blockade of PDE-5 by way of sildenafil suppresses progressive cardiac hypertrophy triggered by chronic transverse aortic constriction while also improving in vivo cardiac function. Sildenafil can also reverse pre-existing hypertrophy that is induced by pressure load while restoring cardiac function, and chronic treatment with sildenafil immediately following MI attenuates ischemic cardiomyopathy. Sildenafil is known to mitigate HF progression through inhibition of Rho kinase. Nonetheless, the effect of sildenafil on mitochondria remains largely unknown.
Cardiac mitochondria are powerhouse that supplies energy to support the high ATP demand of beating hearts. HF progression is characterized by diminished energy production and increased apoptosis. Decreased ADP-dependent respiratory rates have been reported in clinical and experimental settings of dilated cardiomyopathy as well as hearts with pressure overload and ischemic HF (5, (46) (47) (48) (49) (50) . In addition, many studies have demonstrated compelling evidence of mitochondrial dysfunction in HF, including impaired respiration, damaged oxidative phosphorylation, altered substrate utilization, decreased ATP production and impaired ATP transfer. In our study, we found that ultrastructure of the mitochondria in peri-infarct regions of myocardium was damaged, which was accompanied by a decline in mitochondrial respiration activity due to ischemia. Sildenafil was able to improve oxidative capacity of the mitochondria, and both basal oxygen consumption and ADP-dependent respiratory rates were improved. This finding was in line with the decreased structural damage Angiogenesis is a compensatory response to tissue ischemia, and sildenafil has been reported to promote angiogenesis and lessen ischemic injury (41, 51) . The protective role of sildenafil for mitochondria can be attributed to its role of promoting angiogenesis. Sildenafil has been shown to ameliorate the long term progression of cardiac remodeling and function in advanced stages of pressure-overload hypertrophy by restoring mitochondria biogenesis and respiration (52) . In our hands, isolated mitochondrial function was also assessed to reveal a protective role of sildenafil for mitochondrial function during post-infarction HF. However, we failed to examine the effect of sildenafil in sham-operated mice. Sildenafil citrate has been shown to depress H 2 O 2 generation in wild-type rats by mimicking superoxide dismutase without overtly affecting mitochondrial respiration rates (53) . These discrepancies could be explained by the approaches employed to assess mitochondrial function and different physiological and/or pathological conditions.
Cardiomyocyte apoptosis contributes to the progression of HF after MI (54) . In addition, chronic cardiac remodeling with chamber dilation and impaired systolic function are associated with increased myocyte apoptosis in the infarct border zone after MI (55) . Loss of cardiomyocytes is accompanied by increased extracellular matrix deposition and eventually results into cardiac dysfunction. Damaged mitochondria are unable to provide the high energy amounts required for cardiomyocyte survival, thereby leading to pronounced apoptosis (56, 57) . In our study, we observed a lower Bax/Bcl-2 ratio and an elevated MMP in sildenafil-treated murine hearts compared with control ones. These results were further consolidated in murine cardiomyocytes subjected to hypoxia. Thus, our data suggested that sildenafil counters cardiomyocyte apoptosis possibly through protection against mitochondrial dysfunction in post-infraction HF.
It is unclear how the beneficial effects of sildenafil affected mitochondria. In our study, we found that the protective effect of sildenafil was likely to be mediated through Sirt3. Sirt3 is a member of the sirtuin family of proteins and is involved in cardiac hypertrophy. Sirt3-deficient mice are more likely to develop cardiac hypertrophy and interstitial fibrosis by 8 weeks of age. Moreover, these mice display severe hypertrophic responses when faced with hypertrophic stimuli. In contrast, transgenic mice that overexpress cardiac Sirt3 are effectively protected against agonist-mediated cardiac hypertrophy. The protective role of Sirt3 is likely to be mediated through its activation of Foxo3a-dependent antioxidant mechanisms (29) . Nonetheless, Sirt3 possesses multiple properties related to mitochondria energy metabolism. Hearts of Sirt3-deficient mice exhibits decreased ATP production compared with the wild-type counterparts (31) . Furthermore, in stress conditions where ATP demand is high, Sirt3 expression increases (58) . These studies demonstrate that Sirt3 is an important regulator of cellular ATP levels. Sirt3 expression significantly decreased in the control mice with MI in our study. However, in mice treated with sildenafil, Sirt3 expression was preserved.
Recent studies have also shown that PGC-1α acetylation serves as a post-translational modification inactivation process (59) . PGC-1α is a master regulator of myocardial energy metabolism and has been studied in many diverse physiological and pathophysiological conditions. The heart has a very large energy demand that is satisfied by a high capacity mitochondrial oxidation system; thus, it is not surprising that PGC-1α expression is high in the heart. Several studies have found that PGC-1α is important for controlling of metabolic pathways in the heart during development as well as in response to physiological stressors and pathological stimuli (22, 24). PGC-1α, a positive regulator of mitochondrial biogenesis and respiration, plays an essential role in neurodegenerative disorders and heart failure, as well as other pathological conditions associated with mitochondrial defects (22). PGC-1α is highly inducible in response to physiological stimuli such as exercise to cope with increased myocardial ATP demand (60) . In addition, the expression of PGC-1α and its targets, including PPARs and ERRs, is decreased in cardiac hypertrophy and heart failure (22). PGC-1α downregulation during pathological cardiac hypertrophy seems to be consistent with the derangements in mitochondrial metabolism that occur in hypertrophied and failing hearts. However, the alteration occurred mainly in the face of pressure overload-induced HF. Mice lacking PGC-1α develop signatures of HF as well as a marked drop in cellular ATP levels in the pressure overloaded heart (61). Mitochondria isolated from muscles of transgenic mice that ectopically express PGC-1α also have a higher substrate oxidation capacity than those isolated from wild-type controls (62) .
In our study, we demonstrated that isolated mitochondria from the sildenafil-treated post-infarction mice had a higher respiratory capacity than those from the sham-operated mice. Interestingly, a significant decrease in PGC-1α protein expression was not observed in the peri-infarct area, despite previous reports that PGC-1α protein expression was decreased following post-infarction (63) . Nonetheless, this experiment was performed on day 14 following acute MI, and PGC-1α mRNA expression was only examined within the remote viable myocardial area. A previous study suggested that myocardium from different regions, including the infarct core, peri-infarct region and remote area (unaffected by infarct), presented distinct apoptosis rates after early and © 1996-2016 late acute MI, indicating involvement of multiple cellular mechanisms (64) . Therefore, the temporal and spatial differences in PGC-1α protein expression and activity in response to myocardial infarction may underscore the discrepancy. In fact, our current experimental findings were consistent with an earlier report where PGC-1α levels were examined at 4 and 12 weeks following acute MI (65) . In contrast, changes in PGC-1α activity, as assessed using PGC-1α acetylation, were noted in the ischemic area. PGC-1α is the target of extensive posttranslational modifications, including phosphorylation, acetylation, methylation, ubiquitination, and O-linked N-acetylglycosylation (24) . These types of modifications allow the fine tuning of PGC-1α in response to various energy stresses. PGC-1α acetylation is known to occur at several lysine residues and is catalyzed by the acetyl transferase GCN5 (general control of amino acid synthesis 5). With acetylation, nuclear localization of PGC-1α is altered, leading to inhibition of transcriptional activity. Therefore, deacetylation of PGC-1α is needed to restore its activity. Many studies have shown that Sirt1 deacetylates PGC-1α and protects against metabolic diseases (66) . The Sirt1-regulated changes in PGC-1α activity may trigger energy substrate drift through increasing fatty acid oxidation for energy production (67) . To this end, Sirt3 modulates energy metabolism through a more direct mitochondrial function regulation. However, whether Sirt3 modulates mitochondrial function en route to the regulation of PGC-1α activity through ATP modulation (e.g. increased mitochondrial biogenesis and ATP synthesis) remains elusive. Sirt3 was initially thought to be localized in mitochondria although recent studies suggest expression in the nucleus and the cytoplasm (68) . Our data confirmed that reduced energy supply during post-infarction HF is associated with high levels of PGC-1α acetylation and decreased Sirt3 expression.
The relationship between Sirt3 and PGC-1α is not well understood. Previous studies have reported that Sirt3 increases in response to cold exposure and caloric restriction. In addition, Sirt3 stimulates downstream CREB-mediated PGC-1α expression in brown preadipocytes. In skeletal muscle, a lack of Sirt3 inactivates AMPK and pCREB, leading to the inhibition of PGC-1α activity (69) . In hepatocytes and C2C12 myotubes, Sirt3 functions as a downstream target of PGC-1α and mediates the effects of PGC-1α on cellular ROS production and mitochondrial biogenesis (70) . PGC-1α has also been shown to control Sirt3 expression during brown adipocyte differentiation (71) . Here, we found that decreased Sirt3 expression in HF is accompanied by an increase in PGC-1α acetylation. In addition, sildenafil promoted Sirt3 expression and suppressed PGC-1α acetylation. The knock-down of Sirt3 in cultured cardiomyocytes mitigated the beneficial effect of sildenafil in PGC-1α acetylation under hypoxic conditions. In summary, the present study demonstrated that the PDE-5 inhibitor sildenafil exerts cardioprotective effects against MI-induced HF. These effects are mediated, in part, by improved mitochondrial function and preserved Sirt3 levels. Sirt3 is the only sirtuin reported to display an apparent role with the increased life span in humans (29) . We have identified Sirt3 as a new target for maintaining energy balance in the heart. Furthermore, we demonstrated that sildenafil can upregulate Sirt3 expression, which suggests that sildenafil could be used broadly to treat other energy related diseases. However, further studies are needed to delineate the mechanism behind sildenafil and other PDE-5 inhibitors-induced regulation on Sirt3 function. © 1996-2016 
